excreted largely in the feces. When manure from feedNongenetic sources of variance were significant but small compared lots is continually spread on adjacent cropland, levels with genotypic variances. Broad-sense heritability (H ) for P-Gr among S 1 family means in the IHP ϫ ILP population was estimated of P in the soil often become much higher than needed at 0.82. This high value suggested that this trait would respond to for crop production. Runoff from soils that are high in (Duda and Finan, 1983) . Traditionally, application rates the basis of 2-yr data suggested that the loss in efficiency resulting for cattle manure on cropland have been calculated by from selecting on 1-yr data would be only approximately 5%.
matching the nitrogen content of the manure to the nitrogen requirement of the intended crop, which often is maize. Maize plants use nitrogen and phosphorus in M aize is the primary grain used in the diets of an 8:1 ratio; however, in cattle manure these elements many livestock animals in the USA. Because the typically are in a 4:1 ratio (White and Collins, 1982) . grain of maize is approximately 75% starch and primarThe EPA (2002) now requires implementation of a siteily is used as a source of energy, maize-based diets frespecific nutrient management plan for all concentrated quently are supplemented with nutrients. In the case animal feeding operations. Regulatory changes that of monogastric animals, the need to add P is not an specify application rates of manure to cropland be based insufficient amount of this element in maize grain per on existing soil nutrient levels and the nutrient needs se, but rather because 80% of the P in maize grain of the intended crop are being proposed. is in the form of phytate (Raboy, 1997) . Monogastric
One remedy for reducing the potential of P pollution animals lack a sufficient quantity of the intestinal enfrom beef cattle feedlots is to spread the manure over zyme phytase, which cleaves P from phytate, to access more hectares of cropland. This approach, however, much of the P from maize grain. In the guts of ruminants, adds costs. Another potential remedy is to reduce the such as cattle, microbes produce phytase. All phytate P P-Gr in maize to a level that more closely matches the was released when incubated with rumen fluid (Morse dietary need of beef cattle for this element. Commercial et al., 1992) , so all organic P is thought to be available maize breeders in the USA do not commonly use P-Gr to cattle (Council for Agricultural Science and Technolas a selection criterion. Vyn and Tollenaar (1998) evaluogy, 2002) . ated six commercial maize hybrids with release dates On the basis of analyses at commercial laboratories from 1959 to 1988. Although grain yield increased, P-Gr in the USA and Canada, maize grain contains 0.32% P was unchanged. Two mutants of maize, lpa2-1 and lpa1-1, (National Research Council, 1996) . Wet gluten feed, have been reported that reduce the phytate content in steep liquor, and wet distiller grains, which are by-prodthe grain by 50 to 60% (Ertl et al., 1998) . However, ucts of wet-or dry-milling of maize that often are added these mutants do not affect P-Gr. Little information is available on the inheritance of P-Gr. There is some evidence for genetic variation for ference in P-Gr between two tropical maize hybrids across , 1996) . Also, the best linear unbiased predictor (BLUP) F1, which was then selfed to form the F2 generation. The F2 of the P-Gr value of each S 1 family was calculated. was random-mated for two generations. Seed of both the F 1 The residual variance from the analysis of S 1 family plot and sibbed F 2 generations was produced by John Dudley at values was equal to the University of Illinois. Prior research (Raboy et al., 1989) suggested that genetic variability would exist in this population
for P-Gr. Thus, the random S1 families were expected to be appropriate genetic material with which to estimate the rela- w(env) was tested by the likelihood ratio statistic (Littell et al., 1996) . The significance of the other estimates of variance components could not be tested with this statistic.
P-Gr Determination
Broad-sense heritability (H) on a S 1 family mean basis was estimated by the formula, Values of P-Gr were determined on grain samples obtained from hand-pollinated ears that were harvested shortly after physiological maturity (black-layer formation), dried at 32ЊC
, where for a week, and then shelled by hand. Moldy kernels or kernels with insect damage were discarded. Also, any ears with less than 50 competitive kernels were not used. A composite grain y ϭ number of years and r ϭ number of replications per sample was produced from each field plot by randomly samyear. The denominator in this equation is an estimate of the pling approximately 20 kernels from each of three to five phenotypic variance among S 1 family means ( 2 P (S 1 ) ). The values sib-pollinated ears. Different plants were used as males and of 2 P (S 1 ) , and of H S 1 , depend on the values of y, r, n, and s. females, so a minimum of six plants per plot was sampled.
Once estimates of the variance components for 2 P (S 1 ) were For inbreds B73 and FR1064, multiple P-Gr determinations obtained, then the effect of varying the values of y, r, n, and were made per plot in addition to the single determination s on Ĥ S 1 was determined. from the composite grain sample. In each plot of these inbreds, two independent samples were obtained from each of two random ears produced by sib-mating. All grain samples were
RESULTS AND DISCUSSION
ground until 97% of the sample could pass through a 1.18-mm
The soil P readings were 71 and 38 g g ent parts of the same field in the two years, the soil type in the year of the higher soil P reading.
Residual

From evaluation of two inbreds
The BLUP values of the S 1 family means for P-Gr ( Fig. 1) . Assuming a desirable level of P-Gr of 1.4 g † Probability of a Chi-square value being greater than the log likelihood kg Ϫ1 (Erickson et al., 1999) , the value of P-Gr of the statistic (Littell et al., 1996).
lowest S 1 was nearly three standard deviations greater than this level. Even relative to the inbred checks, only 18 S 1 families (10% of the 177 S 1 's evaluated both years) eight of the S 1 families had BLUP values less than the with the lowest 2-yr average values of P-Gr, 13 were in mean of the lowest check inbred (Mo17, 2.7 g kg Ϫ1 ), the top 10% in 2000 and a slightly different set of 13 whereas 50 had BLUP values greater than the mean of were in the top 10% in 2001 (Table 2) . Only one and the highest inbred (FR1064, 3.5 g kg
Ϫ1
). Thus, even two of these best 18 S 1 families were not in the top 20% though highly significant genetic variation existed in this in 2000 and 2001, respectively. On the basis of 2-yr data population for P-Gr, the low frequency of segregates and a 10% selection intensity, the selection differentials with low P-Gr values indicated that several cycles of (the difference of the means of the selected families and selection for low P-Gr likely would be needed before of all families over both years) for selection based on this population would be a good source from which to 2000 results alone, 2001 results alone, and 2000 to 2001 extract inbreds with a near desirable level of P-Gr. Other combined results were 0.10, 0.09, and 0.10. Thus, the characteristics limiting the usefulness of this population presence of family ϫ year interaction caused the selecas a breeding source were lodging susceptibility and tion differential based on 1-yr data to be on average poor stress tolerance.
only 5% less than the selection differential based on Although the estimate of 2 FY was highly significant, 2-yr data. From analysis of the B73 and FR1064 data, estimates it was only 18% as large as the estimate of 2 F . Of the The S 1 families were randomly generated from the F 2 sibbed generation of the cross between the Illinois High Protein and Illinois Low Protein populations. as n → ∞. The estimates of the variance components of 2 P (S 1 ) obtained in this research indicated that with y ϭ 2 and r ϭ 2 the maximum value of Ĥ S 1 was 0.90. Over of 2 eЈ and 2 w(env) were significantly greater than 0.0 90% of this maximum value (i.e., Ĥ S 1 ϭ 0.82) was real- (Table 1 ). The estimate of 2 s was less than one-half the ized with n ϭ 4.7. Increasing n by a factor of two to 9.4 value of 2 eЈ , whereas the estimate of 2 w(env) was more would have increased Ĥ S 1 to only 0.86 (Fig. 2) . In conthan twice cause the denominator is the same for both Ĥ S 1 and h 2 . The estimate of Ĥ S 1 was 0.82, which provided a measure of the relative importance of genetic and environThus, these data suggested that little gain in efficiency ance was found to be greater than the value of
